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~An advanced non—intercepting gridded gun was designed , fab ricated , and pre—
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The use of magnetic flux in the cathode region preserves the beam diameter when
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SUMMAR Y

The design approach chosen for the electron guns in this study involves the
use of partial magnetic flux threading of the cathode. The magnetic flux threading
of the cathode allows the use of higher magnetic focusing field and preserves the beam
diameter between two modes of operation. The rins value of the periodic magnetic
focusing field had to be limited to 1.35 times the Brillouin value to avoid excess ro—
tational energy of electrons at the beam edge in the field reversal regions.

Two gun types are under study. One gun uses a single control grid and pro-
duces a solid beam in both the high and low current modes of operation. In the se-
cond gun, two control grids are used to produce a solid beam in the high current
mode, and a hollow beam in the low current mode.

The computer design of the first gun and its magnetic focusing system is com-
pleted. An experimental gun has been evaluated in the beam analyzer.

The feasibility of producing and focusing the beam in the second gun has been
proven by computer analyses. The details of the double grid system is still under
evaluation. A hollow beam will initially be generated experimentally with a non-
emissive button in the center part of the cathode. The stability of this beam will be
explored under PPM focusing condition before the final design of the complex control
grid system.
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1. INTRODUC TION

The objective of this program is to develop , fabricate and evaluate an advan-
ced non-intercepting gridded gun design for dual-mode traveling wave tube (TWT) ap-
plication. The program is expected to demonstrate that the performance objectives
have been achieved by testing the electron beam in an actual TWT under rf drive.

In a traveling wave tube, the beam voltage is determined by the required
synchronization between the electrons and the electromagnetic wave propagation on
the circuit. Changes in the beam power for dual-mode operation must therefore
be accomplished by changes in the beam current . The changes in the beam current
also affect gain and efficiency. The electrostatic beam diameter produced by a grid-
ded gun will decrease as the grid voltage is decreased for lower beam current. A
reduction in the beam diameter will cause a reduction in the interaction impedance.
Since gain is proportional to the one—third power of the interaction imped ance, this
will accentuate the gain differenc e between the two modes of operation , in addition
to the decrease in the beam current.

The design approach chosen for this study involves the use of magnetic flux
in the cathode region. The electron trajectories will tend to follow the magnetic
flux lines. It can be seen from Figure 1 that with partial magnetic flux threading
of the cathode the beam diameter is better preserved in the lower power mode. For
a current pulse—up ratio of 3:1 and a magnetic focusing field of 1.35 times the Bril—
b um field (BBr ) the ratio between mean diameters in the two modes is 0 .89. It is
desirable to keep the normalized average rotational energy to 0 . 1 or less. Figure
2 shows the restrictions placed on the amount of focusing field used to minimize the
effect of high rotational energy in the field reversal region.

Two design approaches were chosen as a result of a small-signal gain analysis
using different current density distributions in the beam. In one approach a solid
beam is produced in the two modes of operation by using a single control grid . Mag-
netic flux threading of the cathode was used to minimize the reduction of the beam
diamete c between high- and low- current modes of operation.

In the second approach , two control grids are used to produce a solid beam
in the high-current mode and a hollow beam in the low—current mode. The hollow
beam is generated by elimination of current in the center core of the solid beam.
Magnetic flux threading of the cathode will also be used for this gun in order to mini-
mi ze the change of the outer diameter , and to prevent the collapse of the hollow low-
current mode beam . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~-
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A gun producing the solid cw beam has been fabricated and evaluated in a
beam analyzer . The hollow cw beam case has not yet been tested experimentally .
A step-by—step approach was selected to better study the stability of the hollow beam.
The hollow beam will  f i r s t  be generated with the simplest possible gun configuration .
The complex grid structu re will be substituted with a focus electrode to minimize
beam distortion. The hollow beam will be obtained with a non-emissive button on
the cathode. The initial test will be performed using a solenoid-focusing field . The
stability and behavior of the hollow beam in a solenoid -focusing field is known from
several existing electron guns. This test result will then establish a standard for
compar ision with PPM focused beams.

The hollow beam will subsequently be tested in a PPM field . The effect of
high rotational energy in the field—reversal region will be studied . From Figure 2
it can be seen that the ratio of the rm s focusing field and the Bri llioun field
.(Brms/ BBr) should not exceed 2.0 for a microperveance of 0 .5 to obtain a normalized
rotational energy of 0 . 1 or less.
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2 . SELECTION OF BEAM PARAMETERS

In order to determ ine the hel ix parameters, a small—signal computer program
was used which takes into account the effect on the space charge waves of flux thread-
ing the cathode. It was assumed that a nondispersive velocity characteristic could
be obtained by suitably loading the helix with longitudinal vane segments attached to
the inside of the barrel. From cold test data on similar circuits, it was determined
how much the interaction impedanc e would be reduced by suc h loading. This reduc-
tion in the interaction impedance was taken into account in the calculations.

From several trials it was found that maximum gain flatness was obtained for
a ratio of beam diameter to inside helix diameter of 0 .6.  It was also found that a
uniform output helix would not give the required wideband efficiency, so the phase
velocity was reduced near the end of the output helix. A 5 percent phase velocity
step led to the most satisfactory small—signal gain performance.

Three cases were computed to show the effects of various approaches in beam
design. First the case of no-flux through the cathode was analyzed . For comparison
the computed small signal gain vs. frequency response is shown in Figure 3. Since
the beam diameter varies by a factor of 1.7 between the low—current and high-cur-
rent modes the change in gain is substantial . If the low-current mode gain were to
be 30 dB minimum , the gain change would be about 52 dB at midband . The very high
gains in the pulse mode would obviously result in stability problems , both from
backward-wave oscillation and internal feedback. In addition, the gain variation over
the band is about 20 dB in the high-current mode.

Next , if 67 percent of the magnetic flux in the beam is allowed to thread the
cathode, the change in beam diameters between the low- and high- current modes is
only 1. 14. The small-signal gain characteristics are shown in Figure 4 for the case
of both beams being solid. In this case, the differenc e in mid-band gain is 36 dB and
the gain variation over the band is less than 13 dB, when the low current gain is 30
dB minimum.

Finally, a calculation was made considering the cw beam to be hollow. Re—
suits for this case are shown in Figure 5. Because of higher interaction impedance
of the hollow beam , the gain change between modes is less than 25 dB , and the gain
variation over the band is less than 11.5 dB. The gain is also nearl y balanced at
the band edges for both modes.

5
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3. DESIGN OF ELECTROSTATIC BEAM

A computer analysis was made using Varian ’s gun simulation program . For
convenience ’ in comparison of results the scale factor of the guns was such that the
active cathode diameter was 1. 0 in. The electron beam was injected with uniform
current density into the plane of the control grid with the appropriate currents for
the two operating modes. The 15 reference electrons used in the analysis are launch-
ed perpendicular to the grid. Distortion in beam optics produced within the indivi-
dual grid cells is neglec ted in this preliminary analysis. The formation of the beam-
lets within the individual grid cells was the subject of a separate computer study.

Three area convergences of 4:1, 6. 5:1, and 10:1 in the high—current mode
were selected for this analysis. The radius of curvature of the control grid was
adjusted for good laminarity in the high-current mode. When the area convergenc e
of the gun increased , the separation increased between the beam minimums for the
two operating modes. This separation will contribute to scalloping when the two
operating beams are focused with the same magnetic field .

A detailed computer analysis was mad e to determine the proper grid cell geo-
metry to minimize electron cross—over within the grid structure. Two control grids
in addition to the focus grid are required , when the low-current mod e beam is hollow .
This case required a fairl y extensive study. It showed that the formation of the beam-
lets within the grid cells is fairl y sensitive to the grid thickness and to the spacing
between the two control grids. In general , the smallest lens effect and the best o, ti-
cal performance is obtained for the smallest grid thickness and spacing. A grid
thickness of .003 in. and a spacing of .005 in. was selected to assure mechanical
rigidity .

When the beam Was solid in the low-current mode, only one control grid was
required. Beam distortion in this case was minimal .

I
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4. f) F :~ L ( ; N  Of’ MAGNETIC I”OCUSI N~ SYSTEM

4 . 1 RMS MA~~N FTR’  F I E I J )  ANA LYSIS

-~~~~ mentioned in the previous section , three area convergences were chosen
m i ’  th I ana lys is , 1:1, 6. 5:1, and 10: 1. To ensure a normalized rotational energy
leve l El  0. 1 or less, the selected RM S focusin 1~ field of the beam was 1. 3 t imes the
Br i l l ou i n  ~alue . This requ ires that about 64 percent of the RM S magnetic fl ux in
the bea m threads the cathod e . (See Figure l.~ l’he shaping of the magnetic field in
the gun r e g i o l l  wa’~ perloi ’m e’d for minimal  scalloping of the beam in the focusing

c .- ‘ ...‘~~, ~~~~~~~~~ SIr i .j . .~cf ls
‘J.’ ~~~~~~ ~~~ . 1 c r  ‘ h -  ~~~— c ur’~’-~ t ~ :

a rat .~ f ‘
~~~~~

- hi, h—

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ : i ~~~~ r

~~ L~~~~’ ~~~~~~ 0 .5 .

As e~~ ected , the beam with the 4:1 area convergenc e had the least amount ol
scalloping in either operating mode . This beam was then selected for further inves-
tigation. The slope of the magnetic field in the gun region was varied as shown in
Figure 10.

The electrostatic beam minimum of the high-current mode occurred at a dis-
tance 1. 675 in. away from the cathode . The various magnetic slopes with their field
value at this point arc referenced in Figures ii and 12. Ma ximum beam excursions
for the two modes of operation vs percent magnetic field at 1.675 in. away from the
cathode arc plotted in Figure 11. When the two operating beams were focused with
the same magnetic field , it was apparent that onl y one could be favored for optimum
performance. The best magnetic slope would be one producing an equal maximum
beam excursion of the two beams. This resultant magnetic slope is labeled “R” in
Figure 10. Figure 12 is a plot of the ratio of the maximum beam diameters for the
two operating modes vs percent magnetic field at 1.675 in away from the cathode. A
larger maximum beam excursion corresponds to a larger amount of scalloping. The
magnetic resultant-slope H produced 7 percent scalloping in the high-current mode
and 22 .5 percent in the low-current mode . A similar analysis was performed when
t~ c low-current  mode beam was hollow . In this case the fl—s lope produced 10 per-
cent scalloping.

4 .2  PPM MAGNETIC FIELD ANA LYSI S

A PPM magnetic field prof i l e  was constructed on the basis of the result in th e ’
RMS magnetic field stud y. The ratio of the plasma wavelength and magnet period
was :;. 1 for the high—current  mode and 5 .4 for the low—cu rrent  mode , which are’

-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _



—— 
..‘——

~
—‘- 

. •.‘- 
—.-- ——— - . 

~~~~~~~~~~~~ 
~~~~~~~~~ — ~~~~~~~~~~~~~~~ —.—,~~~— —‘-‘-‘—. .~~‘— j -—— - —

- - —~~ —- 
,-~ 

—,
~ 
-

~~ .0-~-.~~~ .—

— -~ .~~ ~~~ ~~~~~~~~~ ‘ I ~ ‘I -

L~ ~
jIIjW ~ i BT±~ 1k~I~.

~ Z f —r-
~-

‘

~~~~~~~ ~
-
~~~ -:L ~~ ~ ~II1IllhJf~tTL ~41L ~~ ___

- r - ; . . 
- 

~~
“ 

~~~~~~ II~~ t~M’~~
~~~ ~~~~~~~~~~~~~~~~~~~ •- 1~~I4U~ 

I L1~1J ~ L1~ i~~i~
~~ .~ 

- 

___ 
~~+ ~~~~J~iJj~

* 

~
, 

N 

tij~
I ~+- i-- -; 1111 1~ t~i:

_ _  

I 

:
~~~

i
~ Ei1~~

;

:~~
‘
~ ~~~~~~~ 

_ _ _  _ _ _ _ _

14 1 ~i. 1_ 4_~ IiIil t ifl Lffl: ~
Z E — “

~~~~~ ~~ 
.14 - 

q ______

~~~~ 

_________

~ U = ;~H~T 1ilfl#U~1: ~
~~ ~~ 

—t
~~~ ~ ~~~ -4UUUtUfl~M1~ .~~

~ t hk L~ J 
-
~ i~~jj ij~ : ~t o  ,— ~- - — . - Ii- ~—l - I - t 43 4 IHUF’ ~

~~ ~~ ~~ 
- - ~~~ t~~IIIIIIW1t11tL ~

-j - 
- 

- T r r :  r~T ~ 1 flhttl ftl fl ~
~~~~~~~~~~~~ 

~~~~~~~ - - - - H.FL ~ ~~ +IWfi1+H
—F-’- — -

- + ..-
~~ 

‘ - - I t1~~ - - 41i14jI1~i

~ ~~~~~ , 

- :~I v
:L,I.4Tlti1 

~~~~~~~~~~~~~~~ 

~ ~~~~ii ;1iU~1i I t :

- 
- 

° 
t ~~ ..~~~ .

_____ — -‘- -t- - ‘~~~
.-

~~
-- -- —-i ‘ I

_ __ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_

~~~~~~~~~~~~~~



- ‘-‘-W .I~~~
” 

________

-- - - ~a:~ ~~~~~ ~~

t t ~ ~ th4~t~i111~ 
- -; ~~ :“--

,- 0

~~~~~~~~~~~ i; ~ ll1llh1F
~

-t Er-~p~~ç1T-i~-- f’ ~~4~fl~j : ~44~~ 
t 1-

~~~~~~~~ -T-ttti -:i---
~

-

~ ~1T— lIlfflW4 h~~f 
- 1 - 1ttffl~fluI11~

~~~~~~~~~~~~~~~~~ TT ~~~~~~~~~~~~~~~ t 1~
1 t fl 1flflfl flh T11~

- I ~~~‘ - I - —
-
~~ ~~ ~

—
~

-i-—i- ~~
-

~~
- ‘--t~--’ —nmnnm in

- - - - 
- 

~ _i--~~~~~ ~~ ~~~~~~~~~ 
- t -

- 
:;

- ‘ r-

~~~ .- : -
- -

. ~~~~~~~ I-i • - 
-

~~~ ~

- - 
, 1~ 

— H~T’T :~~~~~~~Th TTiIRT1tItffl ~
t - ,p i~iii~~.~tiiajtUTflJJU1Tjr ~

- 
- 

~1 I I I ~I’~!I I l l IU _1
- — 

~~0 
- ~ 

•~~~~~~~I I  J
-

~~ 
~~~~~~ 

.— -,-+-— - i--4-t----ttt*IIThT1 Ti ITT

— o  - - ~~~~~ - ,-‘~~- I 
I - I  - t - I~ ~tlit1’~~ L t1.I1Ih~ __

> - 
‘-- 

. 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.r.

~ Z , ’~~~ 
— - - I HtI t i l l t t t t ( l1t c

-
~~ 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~
- .— . - - - - - 

~~~~ ~~~~ - 
~~• 

I .  I 
- I - ~1’1~~’ I IIILUIIUtIIUI1

- . -
‘ 

I— 

- 

~~~~~~~~~~~~~
- - - 

- 
- - - - - - 4  -

~: ~: ~~~~~~~~~ 

l 
- ~~~~~~

I
F 

~~~:
-
~ , :E’~ i~-~

-
~’ ~~ ~

- - 

. ,

~~~~ .

- 

~~~~~~ 

‘ 

~~

1- - ?. -• 
- ~~~~~~~~~~~~~~~~~~~~~ 1fl

a - 
, 

I_4- - ---4 - 4- - -  4- -~+U+B ffl ~
- — 

— — 
_-~ 

‘ - + 1  1 1 1 1 1 1 1 1 1

- 
- 0 OW , 

- . 

~~~

- *—

~~~

- --+- - - -~~~t f f l t  Ill

4 ~ - 
7 - - - 0~ - , ‘ 4 I 

~~~~ ~~ 
DI

— - -~~~~~~ - - 

N

o +~~ 
- ~~~~~~~~~ 1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~
- 

e - 
- - - * ~~~~~

- 

~ ~-r - - ‘  - 
-

~~ 
~4~~4 

I 
-

0 0 -.) 0 Q0 ’ - ~~~ ’ °  0 C 0~~~~~ ~~4~~~~~~~~~
’ ~~~~ ~- i 11111 t I

14



— 
- -

~~~~~~~~~~—~~~--~~~~~~ -— - -_- — -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~ ~~~~~~~~~~~~~~~~~~~ — - -~~~~~~~~~

It

~

C.,’

0~I-

~ &
o -o

u~~~~~~~U, ,-
wo C)- 

o

U

c.1 0 ~
I- I~.

0-

C)
O W

U
- z

4

U)
0 0

0

Iv)
0

- o

L L. I I 1 I I I I

0 0 0 0 0

ssnv 0

15

ii



1-

MAXIMUM BEAM RADIUS

0.270 -

Q 5
PULS E

0260 -

2

CW (SOLID )
0.250 - 4

1

0 3

0 3

0.240 - 1
4 2

5

0.230 — 

%FIELD
(Z= 1.675 )

I I
60 70 80 90 100 

I-
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acceptable values for good focusing. Figure 13 is a computer simulation of the hig h-

current mode beam in a PPM field . Since the s lope of the magnetic field in the gun
area had been determined in the previous study, the only parameter varied was the
length of the axial extension of the first half-period . The location of f irst  magnetic
field reversal with respect to the beam minimum of the high-current mode was lo-
cated . The field shapes used for the computer simulation were plotted in Figure 14 ,
with the corresponding results in Figure 15. The effect of the variation in the axial
extension of the first half-period was minimal. The scalloping of the outer edge
electrons was low in all three cases. The high-current mode had , according to the
computer prediction , less than 6 percent scalloping. The solid low—current mode
beam had 16 percent , and the hollow beam , 14 percent. The velocity spread between
the outside and inside beam trajectory was also quite acceptable.

4. 3 MAGNETIC CIRCUIT DESIGN

A computer program solving LaPlace’s equation was used to design the mag-
netic circuit needed for the PPIY4I field . The design of the individual magnets and
polepieces was made in accordanc e with Sterret and Heffner; “Design of Periodic
Magnet Focusing Structures”. 1 The design of the PPM focusing system is shown in
Figure 16. The large hole diameter in the gun polepiece and the radially magnetized
magnet are the principal elements providing the flux threading of the cathode region.

An actual magnetic circui t was designed based on this information. Experi-
ments to dup licate the PPM goal curve were performed . Wi th some minor correction ,
the goal was very nearly duplicated and the slope of the magnetic field in the cathode
region matched fairly well. The axial extension of the first half-period was approxi--
mately 0. 1 in larger than originally planned . This magnetic field was used in the ’
gun simulation program to confirm the beam shape. The scalloping of the beam in
both high- and low current mode was acceptable.

1. IRE Transactions on electron devices , January l95~ .
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5. GUN STRUCTUR E, SOLID CW BEAM

There were no real problems in fabrication and assembly of the gun structure.
As mentioned previously, the gun is a non-intercepting gridded gun. The gun contains
two sets of grids with a transparency of 80 percent. The grid closest to the cathode
operates at cathode potential and prevents electron emission from areas of the cathode
covered by the grid vanes of both grids. The second grid is used for control of the
beam current.

The firs t grid was placed directly in contact with the cathode and Is operating
at approximately cathode temperature. Thi s eliminates the assembly problems as-
sociated with the close spacing between the cathode and shadow grid in the conven-
tional non—intercepting gun. In addition , a significant improvement is obtained In
the electron optical performance of the gun because the focusing grid operates at
close to cathod e temperature. Since electron emission must be inhibited from the
grid vanes, the focus grid was coated with a thin layer of zirconi um to inhibit grid
emission.

.1
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6. BF ;AM ANA I ,YZ ER TiSTS

6. 1 E LFCTI(OsTATIC BEAM

The gun with the single control grid that produces a solid low-current mod e

beam was tested in the beam analyzer unde r electrostatic conditions. The results

of the tests are shown in Figure 17 through 20. The results are’ in fairly good agre~’-

men t with the computer ana lysis . The beam analyzer showed a laminar beam pro-

file with a minimum beam diameter in the high—cur rent mode of 0 . 132 in (the desired

beam diameter is 0.130 in) . Grid interception in the pulse mode, with 220 volts

applied to the grid was 3. 6 mA., corresponding to 0. 3 percent grid interception .

The beam was also studied at microperveanCe of 0.3 , corresponding to a

ratio in power of 10:1. As excepted, the ratio between the two electrostatic beam

diameters was great. This perveance will also be examined with magnetic field

after a small adjustment in the magnetic field is made.

6. ~ CONFINED F LOW BEAM

The first test of the gun producing a solid low current mode beam was com-

pleted. A spiraling of the beam was experienced, due to localized saturation of the

iron polepiece outside the gun envelope by the radially magnetized Samarium cobalt

magnet. This magnet consists of six radially magnetized segm ents and is used for

the proper shaping of the magnetic field in the gun region. The strength of this

magnet is adjusted by vary ing the number of the segments. It turned out that only

one segment was needed to obtain the correct field variation on the axis. The pole-

piece saturated in the vicinity of the magnet producing large asymmetry in the

magnetic field , caasing the electron beam to spiral. A new design of the magnetic

circuit surrounding the gun with an improved polepiece was designed and fabricated

and the beam analyzer tests will be resumed.

I
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MFFRIC SYST~~~
LtSEuNrrs

Unit I Sy~~boI _Fo~nsj~~ -length metre mmass kilogr am kgti me second Selectric curren t ampere Atherrnodyna,~1c tempe ure kelv in Kamount of subst ance mole molIuminou., intensity cande la cd
SUPPL~~~~ r~~~ y UNITS:

plane angle radian redso lid angle st eradj an sr
DER IVE!) UNITS:

Acceleration 
metre per secon d squared misactivity (of a radioactive sou rce) d isinteg ration per secon d (dis integration Vsangu lar accelerat ion radian per second squared rad sangular velocity radian per secon darea 
square metre mdensity kilogra m per cu bic metre kg/rnelectr ic capacit ance farad F A.sIVelectrical condu ctance Siemens S ANelectr ic fie ld strength volt per metre V/rnelectric inductance henry H V.s)Aelectric potential differe nce volt V WIAelec tric resistance ohm 

V/Aelectromotive foece volt V W/Aenergy joule N.mentropy jou le per kelv inforce newton N kg-rn’sfrequency hertz Hz (cyc lej/siliuminaitce lux lx Imimluminan ce cande la per squ are metre - cd/rnlumino us flux lumen Im cd-srmagnetic field st rength ampere per metre A/mmagnetic flux weber Wb V-smagnetic flu x density tes la I Wbtmmagnetomotiv ~ force ampere A - -
power 

watt W l’spressure 
pasca l P. N/rnquantity of electricity cou lomb C A.squantity of heat joule 

J N-rnradiant intensity watt per sterad ian 
W’srspecific heat jou le per kilogr am-kelvinstress pascal P. N/u it hermal cond uct iv ity w att per met re-kelv in W’ m.I(ve locity metre per secon dviscosity. d~~a_jyiic pascal-second 
Ps-sviscosity, kin.m.tj ~ square metre per second 

- ntis~~~
i, agp 

volt V WIAvolume cubic metre 
mwavenumbsy reciprocaL metre (wsve)/mwor k joule J N-rn

SI ~~~~~~~~~~~~~~~~

_~~!dtupIu.tion Factors 
Pr.f i~ SI Sym~~ilI 000 0oo ot~~~iyj in” eraI 000 000 000 = 10’ gig. C1 000 000~ IO~ meg. M1 000 = 10’ kilo k100 = 10’ 

hec-to~10~ 10 daka daded d001 -
~ 1(J ’ (“11,1’0 007 = i n — ’  milli rn11 0(10 001 1 0’  

mu r.*O tiOti 0(K) (JO i - 10 
nano n0.000 (XMl 000 001 - 1 0 ”  
pk.o p(1000 000 000 ~)00 001 1(1-” 
lerntc ,(3 (XXI 000 000 (100 (100 001 I Ft “ at t n aIo be avoided whet. possible
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